Interspecies extrapolation in carcinogenesis is studied by evaluating prediction from rats to mice and from mice to rats. The Carcinogenic Potency Database, which includes 3500 cancer tests conducted in rats or mice on 955 compounds, is used for the analysis. About half of the chemicals tested for carcinogenicity are positive in at least one test, and this proportion is similar when rats and mice are considered separately. For 392 chemicals tested in both species, 76% of the rat carcinogens are positive in the mouse, and 70%o of mouse carcinogens are positive in the rat. When compounds composed solely of chlorine, carbon, hydrogen, and, optionally, oxygen are excluded from the analysis, 75% of mouse carcinogens are positive in the rat. Overall concordance (the percentage positive in both species plus the percentage negative in both) is 76%. Three factors that affect prediction between rats and mice are discussed: chemical class, mutagenicity in the Salmonella assay, and the dose level at which a chemical is toxic. Prediction is more accurate for mutagens than nonmutagens and for substances that are toxic at low (versus only at high) doses. Species differences are not the result of failure in the bioassay to attain the maximum tolerated dose in the negative species or of more frequent testing in the positive species. An analysis of the predictive value of positivity for the 10 most common target sites indicates that most sites are good predictors of carcinogenicity at some site in the other species; the poorest predictors among these common sites are the rat urinary bladder and the mouse liver.
Introduction
Epidemiologic data on chemically induced cancer in humans are difficult to obtain, and only 50 chemicals and manufacturing processes have been evaluated by the International Agency for Research on Cancer (IARC) as having sufficient evidence of carcinogenicity in humans (1) . In the absence of evidence in humans, chronicexposure experiments are conducted in rodents, and positive results are used to predict the chemicals that may present a cancer risk to humans. This paper examines extrapolation between species by determining how well one can predict carcinogenicity from a rat to a mouse or from a mouse to a rat. If the carcinogenic response in these two closely related species does not agree, then confidence in extrapolation from rodents to humans (two very different species) may be weakened; conversely, if there is good agreement between rodent species, then confidence may be strengthened.
In a study of interspecies extrapolation in carcinogenesis, results can be presented qualitatively (positive for carcinogenicity vs. not positive), as well as quantitatively, using the carcinogenic potency of the compound (the doserate that induces tumors in a predetermined proportion of experimental animals). In an earlier paper (2), we discussed the good correlation of carcinogenic potency between rats and mice and showed that the interpretation of this correlation is made difficult by an artifact of potency estimation. In this paper we investigate the qualitative response in rats vs. mice using the largest available database of the results of chronic-exposure rodent experiments, the Carcinogenic Potency Database [CPDB] (3) (4) (5) .
While it is possible to assess the sensitivity of rodent bioassays to detect human carcinogens, it is not possible to assess directly whether rodent carcinogens (of which there are hundreds) have any substantial carcinogenic effect on humans. Many researchers are skeptical of extrapolating risk from rodents to humans (6, 7) . Tb provide clues about species extrapolation using rats and mice, we first describe the proportion of test agents that have been shown to induce tumors in each species and the relative frequency of each target site. Second, we assess the predictive values of carcinogenicity in one species for results in the other, and we consider three factors that might affect species extrapolation: chemical class, mutagenicity of the compound, and dose level at which the chemical is toxic. Third, we determine whether some target organs are better predictors of a carcinogenic effect in the other species than are other target organs.
Methods
Our analyses are based on the chemicals reported in the CPDB (3) (4) (5) , which is fully described in Gold et al. (3) . The database includes results for 3500 rat or mouse experiments on 955 compounds obtained from papers published in the general literature through 1984 and from the National Cancer Institute/National Ibxicology Program (NCI/NTP) Technical Reports published through May 1986. All experiments in the database meet a specific set of inclusion criteria that are designed to permit the estimation of carcinogenic potency; therefore, reasonable consistency of experimental protocols is assured. Rodent bioassays are included in the database only if the test agent was administered alone, rather than in combination with other substances; if the bioassay included a control group; if the route of administration was either diet, water, gavage, inhalation, IV injection or IP injection; and if the length of experiment was at least 1 year with dosing for at least 6 months. For the CPDB, we do not evaluate the evidence for carcinogenicity in an experiment; rather, we report the evaluation of the published author and calculate the statistical significance of the tumorigenic dose response.
The CPDB includes data on 64% of the 224 substances that have been evaluated by IARC has having sufficient evidence for carcinogenicity in experimental animals (1) . Some agents are excluded from the CPDB because of route of administration (some polycyclic aromatic hydrocarbons and inorganic chemicals) and some because they are chemical .mixtures or industrial processes.
In the following analyses, we classify the results of an experiment as either positive or negative on the basis of the author's opinion in the published paper. In some cases authors do not clearly state their evaluation, and in some NCI/NTP Technical Reports the evidence for carcinogenicity is considered only suggestive; in our analyses we consider these experiments as lacking "clear evidence of carcinogenicity" and classify them as negative. We use the author's opinion to determine positivity because, in addition to statistical significance, it often takes into account historical control rates for particular sites, survival and latency, and/or dose response. Generally, the designation by author's opinion corresponds well with the results of statistical tests for the significance of the dose-response effect (3) . A two-tailed significance level of 0.01 produces the greatest consistency between author's opinion and statistical significance of the dose-response effect, suggesting that researchers generally follow stringent statistical criteria for determining carcinogenicity. We have examined prediction between species by chem- ical class (Table 3) , but small numbers within most classes prevent detailed, class-specific analyses. Results are most striking for compounds composed solely of chlorine, carbon, hydrogen, and, optionally, oxygen (hereafter, chlorinated compounds): 37/50 (74%) are positive; the predictive value of positivity in rats for positivity in mice is 100% (18/18), compared to only 49% (18/37) from mice to rats. When these chlorinated compounds are eliminated from the set of chemicals tested in both species, the predictive value of positivity from mice to rats is as accurate as that from rats to mice (75%). Prediction between species is also evaluated on the basis of the mutagenicity of the chemical (Table 3) . We obtained evaluations of mutagenicity in Salmonella from recent compilations for 294 of the 392 chemicals in the CPDB that have been tested in both rats and mice (8, 9 ; E. Zeiger, personal communication, 1987) . A chemical is classified as mutagenic if it is evaluated as positive in any of the sources, and equivocal evaluations are considered as negative. The overall concordance in carcinogenic response between rats and mice for this subset of 294 chemicals is comparable to the larger set of 392 substances. Table 3 indicates that a greater proportion of mutagens are carcinogenic than nonmutagens (72% vs. 51%, chi-square p < 0.0001); additionally, a large proportion of carcinogens is not mutagenic (79/178, 44%). A similar result has been reported elsewhere (9) .
We would expect that chemicals capable of damaging DNA might be more consistently positive across species than chemicals acting by some other mechanism of carcinogenesis. The results in Table 3 provide some support for this hypothesis. Prediction from mouse to rat is significantly more accurate for mutagens (64/80, 80%) than nonmutagens (34/63, 54%, chi-square p = 0.001). However, for prediction from rat to mouse the difference is smaller and not significant: 64/83 (77%) for mutagens vs. 34/50 (68%) for nonmutagens (chi-square p = 0.248). Because chlorinated carcinogens are all positive in the mouse and A further question related to species extrapolation in carcinogenicity is whether chemicals that are toxic at lower doses are more accurate predictors of carcinogenicity in the second species than chemicals that are toxic only at higher doses. Since, in the standard chronic bioassay, test animals generally are administered a dose that approximates the maximum tolerated dose (MTD), the high dose in a bioassay may be used as a surrogate for the chronic toxicity level of each chemical. Table 4 reports the proportion of rat carcinogens that are positive in the mouse by the magnitude of the high dose administered to rats; parallel data are given for mouse carcinogens.
There is a significant association between the high dose level of a carcinogen used in one species and the likelihood that it produces a carcinogenic response in the other species. The dose-related trend (10) is statistically significant both for prediction from rats to mice (n = 170, Mantel test for trend, p = 0.003) and from mice to rats (n = 186, Mantel test for trend, p = 0.008). Thus, carcinogens that are toxic at lower doses in a species are better predictors of carcinogenicity in the other species than are less toxic carcinogens.
A possible confounding factor in this significant trend is mutagenicity: since predictive values are more accurate for mutagens than nonmutagens (Table 3) , if carcinogens that are toxic at low doses are also more likely to be mutagens, the association between toxic level and predictive value may be a reflection of mutagenicity. We examined the association between mutagenic response and administered dose level in positive rodent tests and found that more toxic carcinogens are significantly more likely to be mutagenic than less toxic carcinogens. Even after adjusting for mutagenicity, however, the dose-related trend in predictive value remains statistically significant from rats to mice (n = 133, p = 0.008). The adjusted trend predicting from mice to rats is statistically significant when chlorinated compounds are excluded from the set of chemicals used (n = 110, p = 0.007), but is not statistically significant when all compounds are considered (n = 143,p = 0.116).
Predictive Value of 10 
Frequent ¶Yarget Sites
Tb compare extrapolation based on various target organs, we have examined the predictive value of individual target sites in one species for positivity at the same or another site in the second species. Tomatis et al. (11) earlier investigated the predictive value of the mouse liver for positivity in the rat using 51 Liver. The liver is the most frequent site in rats and mice as well as the most frequent site in common between them. Positivity in rat liver is highly predictive of positivity in the mouse liver (64/71, 90%), but the mouse liver is more weakly predictive of positivity in the rat (74/117, 63%). The lower predictive value of mouse liver for rat carcinogenicity reflects in part the lower predictive value of chlorinated chemicals as a class, and the fact chlorinated chemicals tend to induce liver tumors. There is a significant difference between chlorinated chemicals and all other chemicals in the predictive value of the mouse liver: among chlorinated compounds 45% (14/31) of those positive in mouse liver are positive in the rat; among other compounds 70%o (60/86) of those positive in mouse liver are positive in the rat (chi-square p = 0.015). (In the following discussion, we will refer to chemicals that are positive in the mouse liver but not in any other mouse organ or in the rat as "single-site mouse liver carcinogens.")
The frequency of single-site mouse liver carcinogens and the fact that liver tumors occur spontaneously at high rates in the B6C3F1 male has led to the suggestion that carcinogenicity in the mouse liver may more likely be due to promotion of initiated cells or spontaneous tumors than to genotoxicity (9, 12 
Possible Artifacts in Species Differences of Positivity
Species differences in positivity may reflect artifacts of measurement. For the chemicals tested in NCI/NTP bioassays that are positive in one species only (rat, n = 23; mouse, n = 35), we examined whether the MTD was administered to the positive species more often than to the negative, since a carcinogenic effect is less likely to be detected at lower doses. We found that the MTD, defined by significant weight-gain depression or the presence of clinical signs of toxicity as cited in the Technical Reports, was usually attained and was obtained equally often in the positive and the negative species.
We also considered the possibility that chemicals positive only in one species may have been tested more frequently in the positive than in the negative species. Among the 96 chemicals tested in both species but positive in only one (Thble 3), half were tested equally often in the positive and negative species, and 10% were tested more often in the negative species. Thus, attainment of the MTD and frequency of testing do not account for positive results in one species only.
Carcinogen Identification on the Basis of Two vs. Four Sex-Species Group
The CPDB contains 159 chemicals that have been tested in both sexes of rats and mice and have been evaluated as positive in at least one experiment. This large number permits us to address the question of how many carcinogens would have been identified by performing tests in only two of the four sex-species groups. Thble 6 reports the proportion of carcinogens identified by all pos- (Table 1) . The 50% positivity rate agrees with previous results for small groups of chemicals reported by NCI, NTP, and in the general literature (13) (14) (15) (16) (17) (18) . Additionally, for the 294 chemicals that have been tested for both mutagenicity in Salmonella and for carcinogenicity in rats and mice, we find that only 26% are neither carcinogens nor mutagens (Table 3) . Positivity rates are so high that it is important to try to understand how representative they might be of the proportion of all chemicals that would be positive if tested in rodent bioassays or the proportion of all chemicals that are potential human carcinogens.
One possible explanation for the high proportion of rodent carcinogens is publication bias, i.e., positive results are more likely to be published than negative results. However, all results are published for NCI/NTP bioassays, and the proportion of positive tests in this group of chemicals is comparable to that of chemicals reported in the literature (Table 1 ). Another possibility is that more suspicious chemicals are tested for carcinogenicity. For example, chemicals structurally similar to known carcinogens or chemicals that have been shown to be mutagens may be selected more often. This is a likely bias since cancer testing is both expensive and time consuming, and it is prudent to test suspicious compounds. On the other hand, chemicals are selected for testing for several reasons, including the extent of human exposure, level of production, and scientific questions about carcinogenesis. Moreover, while some chemical classes are more often carcinogenic in rodent bioassays than others [e.g., nitroso compounds, aromatic amines, nitroaromatics, chlorinated compounds (Table 3) ], predictive capability is still imperfect. For example, most chemicals tested for carcinogenicity are synthetic compounds due to great concern that these man-made chemicals may be carcinogens. However, the positivity rate in the CPDB for naturally occurring chemicals that have been tested in both rats and mice is also high, 31/68 (46%).
It has been suggested that chemicals put on test in the early years of the NCI bioassay program were selected more on the basis of chemical structure, while chemicals tested more recently by NCI or NTP have been selected more on the basis of the extent of human exposure. If this were so, then one might expect the positivity rate to be higher among the earlier chemicals. For the NCI/NTP chemicals we compared positivity rates over time and found no significant difference. Among Technical Reports published before 1979, 51% (60/118) were positive compared to 45% (60/133) published in 1979 or later. Similarly, we found no significant differences in positivity rates over time among chemicals in the general literature (excluding the Innes et al. series discussed below). This suggests that the high positivity rate for chemicals tested in rodents cannot be explained on the basis of these selection criteria.
One large series, of mouse experiments conducted by Innes et al. (19, 20) is often cited as evidence that the proportion of rodent carcinogens is actually low among tested substances (21) . In this series, among 120 pesticides and industrial chemicals tested in two mouse strains, only 11 (9%) were evaluated as carcinogens. The protocol for this battery of tests differs from that of other tests in the CPDB, and this may account for the lower positivity rate. The Innes series included only 18 animals in the vehicle control group and 18 in a single dose group; the animals were on test for only 18 months, which may not have been an adequate duration to detect a positive effect. (Note: only 16% of the other mouse experiments in the CPDB were of such short duration.) Among the 19 chemicals tested by the Innes group and by another laboratory, the Innes dose was usually lower (sometimes by more than 10 times) than the highest dose administered by others. Because a carcinogenic effect is less likely to be detected at lower doses, these tests were more likely to be negative. Thus, because of experimental design factors, the Innes battery appears to have lacked sensitivity to detect a carcinogenic effect.
Our findings thus suggest that in future testing a high proportion of chemicals may prove to be carcinogens in rodent bioassays. Previously we discussed that carcinogenicity in a rodent bioassay may result from the promotional effects of toxicity when the MTD is administered (22) . At near-toxic doses, a) cell-killing may remove normal neighboring cells surrounding a mutated cell, thereby removing signals inhibiting growth. This would permit the mutated cell to form a tumor; and b) chronic cellkilling and induced reparative hyperplasia and mutagenic oxidants from phagocytic cells may yield increased gene expression and chance of mutation or associated genetic alteration. Such effects would be expected to increase the proportion of positive chemicals in tests conducted at the MTD, but at low doses without cell killing we would expect the proportion of positives to be lower. The findings that about half of rodent carcinogens are not mutagens suggests that positive bioassay results may be due, in part, to acceleration of the promotional step of carcinogen-esis. In contrast, most human exposures occur at low doses (compared to the toxic dose in humans). To the extent that positive bioassay results are due to the effects of administering the MTD, the 50% positive rate is probably an overrepresentation of the proportion of all chemicals that are potentially carcinogenic to humans at low doses.
Interspecies Comparisons
We have examined several aspects of interspecies extrapolation in carcinogenesis. When the comparison between rats and mice excludes compounds composed solely of chlorine, carbon, hydrogen, and, optionally, oxygen, the predictive value of positivity in each species for positivity in the other is 75% (i.e., the proportion of carcinogens in one species detected in the other). Positive prediction is slightly less accurate from mouse to rat when these chlorinated compounds are included (70%). These results between two closely related species provide some confidence in the interspecies extrapolation. However, since about half the test agents are carcinogenic in each species, by chance alone we would expect a positive predictive value between species of 50%. The 75% result we obtained would provide greater confidence in interspecies extrapolation if, for example, only 5-10% of the test agents were carcinogens. The overall predictive values we obtained with this large set of chemicals tested in both species are similar to those reported by other researchers for small numbers of test agents (9, 13, 14, 18, 23) . Purchase (15) earlier reported a slightly higher value (85%) for a small number of chemicals using different inclusion rules (eg., route of administration) and different methods to classify positivity. Further discussion of this literature can be found in Haseman and Huff (14) .
Our analysis has shown that mutagenicity and toxic dose level are both associated with the prediction of carcinogenicity from one rodent species to another. Among carcinogens, positive prediction between species tends to be more accurate for mutagens than for nonmutagens, as well as for chemicals toxic at low doses compared to those that are toxic only at higher doses. Furthermore, there is an association between the toxic level of a chemical and mutagenicity. The explanation for these associations among toxicity, mutagenicity, and predictive value for the second species is not clear. Predictive values between species may be less accurate for nonmutagens than for mutagens because the carcinogenic response for nonmutagens may depend more upon disposition or metabolism, factors that may vary more from species to species than does damage to DNA. The relationship between mutagenicity and toxic dose level may reflect a tendency of mutagens to be more toxic at lower doses because they are effective at killing cells through damaging DNA.
In the standard bioassay, the goal is to administer the test substance at a dose level that is close to the MTD for that substance, regardless of whether the chemical is weak or strong. One possible explanation for the observed association between predictive values and toxicity is that the MTD is less often achieved when the substance is weak, either because it is underestimated or because a higher dose would constitute too great a percentage of the diet. If this were true, then the administration of doses below the MTD could result in fewer positive experiments and less accurate prediction between species for weaker chemicals. We reported a similar finding in an analysis of reproducibility of results in near-replicate experiments where the same chemical was tested more than once by the same route in the same strain, sex, and species (24) . For these chemicals, the administered dose levels were generally higher for the chemicals that had nonreproducible results than for those that were reproducible.
In our analysis of the predictive value of positivity for the 10 most common target sites in rats and mice, we showed that most sites are good predictors of carcinogenicity at some site in the other species. The mouse liver has been a subject of scientific debate due to its predominance as a target organ and due to its high and variable spontaneous tumor rate in the B6C3F1 hybrid used in the NCI/NTP bioassays. Our result on the predictive value of the mouse liver for positivity in the rat, 63% (74/117), is somewhat lower than the 80% (41/52) reported earlier by Tbmatis et al. (11) Our investigation indicates that the mouse liver is a poorer predictor of rat positivity than are other organs, but that relatively few rodent carcinogens are single-site mouse liver carcinogens (31/226, 14%). Overall, chemicals that induce tumors only in the mouse liver are less often genotoxic than mouse liver carcinogens that are also positive either in another mouse organ or in the rat; however, there is no significant difference in the proportions that are mutagenic when chlorinated chemicals are analyzed separately from nonchlorinated chemicals. Chlorinated compounds are more likely than other carcinogens to be nonmutagenic and positive only in the mouse liver.
Our investigation has described differences between chlorinated compounds and other chemicals with respect to predictivity, mutagenicity, and mouse liver carcinogenicity. A high proportion of these compounds (74%) are carcinogens, and they are among the most visible rodent carcinogens because of their widespread human exposure or high volume production. Many are common solvents or pesticides that are regulated as toxic substances. Further work is needed to understand the mechanism of action of these carcinogens and how this may affect interspecies extrapolation.
The results presented in this paper indicate that prediction of carcinogenicity between rats and mice is correct 75% of the time and that predictive values vary according to several factors including mutagenicity of the compound, chemical class, dose level at which a chemical is toxic, and target organ. In rodent bioassays, even though nearly 50% of the chemicals test positive in each species, overall prediction to the other rodent species is incorrect 25% of the time. Additionally, considering both positive and negative compounds, 25% are discordant between the two rodent species. The practice of extrapolating rodent results to humans should be judged by this value. The overall predictive value from rats to humans or from mice to humans would be expected to be less than 75% since rats and mice are closely related species. Tb better understand the validity of qualitative extrapolation between rodents and humans, further work is needed on mechanism of action, endogenous damage to DNA, and the extent to which positivity in rodent bioassays may be affected by administering the MTD, as well as on species differences in metabolism, phannacoldnetics, and defenses such as anticarcinogens.
